The interaction between the vascular endothelium and hemodynamic forces (and more specifically, fluid shear stress), induced by the flow of blood, plays a major role in vascular remodeling and in new blood vessels formation via a process termed arteriogenesis. Tie1 is an orphan tyrosine kinase receptor expressed almost exclusively in endothelial cells and is required for normal vascular development and maintenance. The present study demonstrates that Tie1 expression is rapidly down-regulated in endothelial cells exposed to shear stress, and more so to shear stress changes. This down-regulation is accompanied by a rapid cleavage of Tie1 and binding of the cleaved Tie1 45 kDa endodomain to Tie2. The rapid cleavage of Tie1 is followed by a transcriptional down-regulation in response to shear stress. The activity of the Tie1 promoter is suppressed by shear stress and by tumor necrosis factor α. Shear stress-induced transcriptional suppression of Tie1 is mediated by a negative shear stress response element, localized in a region of 250 bp within the promoter. The rapid down-regulation of Tie1 by shear stress changes and its rapid binding to Tie2 may be required for destabilization of endothelial cells in order to initiate the process of vascular restructuring.
Blood vessel formation occurs via one or more of three alternative pathways: vasculogenesis, angiogenesis, and arteriogenesis. Arteriogenesis, the formation of mature arterioles or arteries, lined by smooth muscle cells (8) (9) (10) (11) (12) , naturally occurs in the heart and peripheral organs in rare cases of patients suffering from ischemic diseases (13) . Whereas angiogenesis is highly stimulated by oxygen deprivation or hypoxia, arteriogenesis occurs in nonhypoxic regions (14, 15) . Several groups have pointed to shear stress changes as a primary stimulus for arteriogenesis (7) (8) (9) 13) and to the involvement of monocyte chemoattractant protein (MCP)-1, transforming growth factor (TGF)-β, and tumor necrosis factor (TNF)-α in this process (16) . Both vasculogenesis and angiogenesis are highly dependent on vascular endothelial growth factor (VEGF) and its binding to the receptor VEGFR2. This binding results in the formation of the complex VE-cadherin/β-catenin/VEGFR2 and in the activation of survival and proliferation signals (10, 17) . As shown recently by Deindl et al. (13) , arteriogenesis cannot be initiated or further augmented by VEGF administration.
Fluid shear stress has also been correlated with blood vessel maintenance. Early studies by Clark and coworkers demonstrated that small blood vessels tend to regress after a decrease or a halt in the flow, whereas vessels exposed to high shear stress are stabilized (18) . More recently, it was demonstrated that under low shear stress, vessel regression is accompanied by apoptotic cell death (19, 20) . Taken together, these studies clearly suggest that fluid shear stress plays a major role in blood vessel formation and maintenance through poorly understood mechanisms.
Tie1 is an orphan receptor, which like the angiopoietin receptor Tie2 is expressed almost exclusively in vascular endothelial cells (21) (22) (23) . Targeted disruption of Tie1 and additional studies in transgenic or chimeric mice suggested that Tie1 is required for normal vascular development as well as for vessel maintenance and endothelial cells survival. Mice lacking the Tie1 gene die late during gestation from severe hemorrhages and defective microvessel integrity (24) (25) (26) and seem to have reduced numbers of endothelial cells, supporting the role of Tie1 in endothelial cell survival (25) . Structurally, Tie1 and Tie2 belong to a distinct family of tyrosine kinase receptors and share some similarity, mostly in their cytoplasmic tail (80%) (27) . The binding of angiopoietin 1 to its receptor Tie2 promotes autophosphorylation of the receptor, its association with p85, resulting in PI3 kinase and Akt activation (28, 29) . However, the signaling pathways promoted by Tie1 independently, and the evidence for its autophosphorylation, are at present debatable. Transfection of NIH3T3 cells, which do not express Tie1 and Tie2, with a chimeric construct consisting of the Tie1 cytoplasmic tail and c-fms (CSF-1 receptor) extracellular domain, and their treatment with CSF-1, resulted in autophosphorylation of Tie1 endodomain and its binding to p85 (30) . However, Tie1 autophosphorylation could not be observed in endothelial cells (31) . Tie1 was demonstrated to undergo proteolytic cleavage in response to TNF-α, VEGF-A, and phorbol 12-meristate 13-acetate (PMA), by an unknown zincdependent protease, resulting in the shedding of its extracellular domain and the formation of a 45 kDa endodomain (32) (33) (34) (35) . This domain, was shown to bind to the Tie2 cytoplasmic tail and was suggested to mediate Tie2 signaling. Thus, it may well be that Tie1 does not act as an independent receptor but rather as an agonist/antagonist for Tie2, depending on the stimuli from the surrounding environment (31, 36) .
Our recent studies (37) and those of others suggest that shear stress-induced blood vessel restructuring may be mediated by the regulation of angiogenic ligands and receptors in vascular endothelial cells by shear stress. Shear stress leads to a rapid activation and clustering of VEGFR2 (38, 39) , promotes the formation of a multimember complex containing VEGFR2/VEcadehrin/β-catenin, and transcriptionally induces VEGFR2 at later stages (37) . Gene array techniques revealed that long exposure of endothelial cells to shear stress results in induced expression of Tie2 (40) (41) (42) . In the present study, we tested the hypothesis that shear stress changes, which activate endothelial cells, regulate the levels of Tie1, thus promoting the endothelium instability, which results in vascular restructuring. In the present study, we found that exposure of endothelial cells to short intervals (minutes) of laminar shear stress, or a rapid increase in the magnitude of shear stress, leads to a decrease in Tie1 levels. Exposure of the cells to shear stress resulted in a rapid cleavage of Tie1 and the formation of the 45 kDa endodomain. The rapid cleavage response to shear stress was accompanied by binding of the 45 kDa endodomain to the angiopoietin receptor Tie2. The decrease in Tie1 levels in response to shear stress was also influenced by suppression of the Tie1 promoter activity. Deletion analysis of the Tie1 promoter localized a negative shear stress response element (NSSRE) in a region of 250 bp within the promoter. Decreased levels of Tie1 in vascular endothelial cells in response to flow may lead to vessel destabilization, thus supporting the potential role of shear stress changes in blood vessel restructuring.
MATERIALS AND METHODS

Cell culture
Primary bovine aortic endothelial cells (BAEC) were prepared as described previously (43) and grown to confluence in Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum. Twenty-four hours before each experiment, the cultures were serum-starved with medium containing 0.5% calf serum. Endothelial VE-cadherin −/− (100) and VE-cadherin +/+ (100 VE) cells were prepared as described previously (44) and grown in DMEM containing 20% fetal calf serum (FCS), 50 µg/ml endothelial mitogen (ECGS), and 20 U/ml heparin. Twenty-four hours before each experiment, the cultures were serum-starved with medium containing 5% FCS, without ECGS and heparin.
Endothelial cells stimulation
Recombinant human TNF-α (200 U/ml; Pepro Tech EC LTD, London, UK) were added to the growth media for 4 h. Cells were placed in a triple-gas incubator containing a gas mixture of 1% O 2 , 5% CO 2 , and 94% N 2 (hypoxia chamber, Tuttnauer, Jerusalem, Israel) for 1 or 24 h. PMA (10 ng/ml: Sigma-Aldrich, Milwaukee, WI) was added to the growth media for half an hour.
Shear stress experiments
Cells were plated on gelatin-coated polystyrene plates for protein extraction experiments. Cells were subjected to physiological laminar shear stress of various magnitudes and time intervals using the cone and plate apparatus as previously described (43) .
Coimmunoprecipitation
Before their exposure to shear stress, endothelial cultures were washed once in phosphatebuffered saline (PBS) and incubated for 30 min in serum-free DMEM containing 1 mg/ml bovine serum albumin (BSA). Cell cultures were exposed to shear stress, washed three times in PBS, harvested, and lysed in a lysis buffer (as described previously). Immunoprecipitations were performed by adding 3.5 µg of anti-Tie2 antibody per 1 mg protein lysate, and incubation at 4°C for 2 h. Prewashed protein A-Sepharose was added to the protein-antibody complex and incubated for an additional 2 h. Immunoprecipitates were washed extensively with a lysis buffer, and the proteins were eluted by boiling in sample buffer.
Antibodies
Anti-Tie1 (sc-342) and Anti-Tie2 (sc-324) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
Deletion mutations and transfection of Tie1 promoter
The plasmid containing a luciferase reporter gene regulated by 0.8 kB fragment of the murine Tie1 promoter (kindly provided to us by Dr. K. Alitalo, Helsinki, Finland) was cut by the restriction enzyme BglII, creating a 250 bp fragment of the Tie1 promoter. BAEC cultures were co-transfected with a vector containing a luciferase gene regulated by various portions of the Tie1 promoter and a vector containing the Renilla/Luciferase regulated by TK promoter, using the lipofectamine technique (Invitrogen, Paisley, UK) at an efficiency of ~25%. Transfected cultures were exposed to shear stress for 1 h, and the cell extracts were analyzed for dual luciferase activity by using the dual-luciferase kit (Promega, Madison, WI) and a luminometer (TD 20/20 Turner Designs, Sunnyvale, CA).
Data quantification and statistical analysis
Immunoblots were quantified using Vilber Lourmat densitometer and analysis system (Vilber Lourmat, Torcy, France). All values are reported as mean ± SD (n=3-5). Statistical significance was calculated using ANOVA and set at P<0.05.
RESULTS
Tie1 expression in arterial endothelial cells exposed to shear stress
Arterial endothelial cells were grown to confluence and exposed to physiological levels of laminar shear stress (10 dynes/cm 2 ) for various time intervals. Minutes after exposing the cells to shear stress, Tie1 levels declined beyond the static control (Fig. 1A) , remained statistically significantly low, and returned to the static control level only 2 h after exposing the cells to shear stress.
In contrast to the rapid decrease in Tie1 levels in response to shear stress, the levels of the angiopoietin receptor Tie2 did not change (Fig. 1B) at short time intervals after the onset of flow.
Tie1 expression in response to shear stress changes
The rapid and transient change of Tie1 levels suggested that the molecule is sensitive to shear stress changes rather than to the force per se. To test this notion, we subjected endothelial cells to 6 h of continuous shear stress at a magnitude of 10 dynes/cm 2 , followed by 30 min of shear stress at a magnitude of 15 dynes/cm 2 . Control cells were exposed to 7 h of continuous shear stress at a magnitude of 10 or 15 dynes/cm 2 . These experiments revealed that as compared with the control static cultures, Tie1 levels did not change significantly in cells exposed to a continuous shear stress (7 h) of 10 ( Fig. 2A) or 15 dynes/cm 2 (data not shown). In contrast, Tie1 levels decreased significantly in cells that experienced shear stress changes ( Fig. 2A, 2B ). Whereas Tie1 levels were suppressed by an increase (step-up) and a decrease (step-down) in shear stress as shown in Figure 2B , an increase in shear stress (step-up) had a more prominent effect (Fig. 2) on Tie1 levels. Interestingly, shear stress changes (more commonly an increase/step-up in shear stress) mimic the hemodynamic environment suggested by others to stimulate arteriogenesis (8, 12, 14, 15, (45) (46) (47) .
Tie1 is cleaved in response to shear stress and binds to Tie2
Down-regulation of Tie1 has been documented in endothelial cells treated with TNF-α, PMA, and VEGF. It was found that this down-regulation of the full-size Tie1 is the result of its cleavage into two proteins, the endodomain (45 kDa) and the ectodomain (90 kDa). The rapid down-regulation of Tie1 in response to shear stress, or shear stress changes, raised the question of whether shear stress stimulates the cleavage of Tie1. Using antibodies targeted to the C terminus of Tie1, we found that as early as 15 min after the onset of flow, Tie1 is cleaved, and the 45 kDa fraction can be identified (Fig. 3) . Tie1 endodomain levels remain significantly high in endothelial cells exposed to an hour of shear stress and seem to decline thereafter. The appearance of the 45 kDa endodomain band correlates with the reduction in intensity of the whole 130 kDa molecule (Fig. 3) .
A Tie1 antibody that recognizes Tie1 N terminus was also able to detect the decrease in the levels of the 130 kDa Tie1 (data not shown).
Recently, Brindle and others demonstrated that Tie1 cleavage in response to PMA, TNF-α, or VEGF is accompanied by binding of the Tie1 endodomain to the angiopoietin receptor Tie2 (31, 32) . To test the interaction of Tie1 and Tie2 in response to shear stress, BAEC cultures were extracted and immunoprecipitated at various time intervals after their exposure to shear stress, using Tie1 (Fig. 4A) or Tie2 (Fig. 4B) antibodies. Samples that were immunoprecipitated with the Tie1 antibodies revealed a decrease in the levels of Tie1 130 kDa fragment, an increase in Tie1 45 kDa fragment, and an increase in Tie2 levels, suggesting that the interaction occurred between Tie2 and Tie1 endodomain. This binding increased with time and could still be observed an hour after the flow onset (Fig. 4A, 4B ), supporting previous observations that Tie1-Tie2 binding is stable. Immunoprecipitation with Tie2 antibodies revealed unchanged levels of Tie1 130 kDa and Tie2 in response to shear stress but an increase in the Tie1 45 kDa fragment that is bound to Tie2 (Fig. 4B) . Thus, both immunoprecipitation assays imply that shear stress induces the binding of Tie2 to Tie1 endodomain.
Shear stress regulates Tie1 transcription
Many endothelial genes are transcriptionally regulated by shear stress, regulation that is mediated by promoter elements termed shear stress response elements (SSREs). Northern blot analysis of endothelial cells subjected to shear stress revealed that Tie1 is down-regulated by shear stress as early as 30 min after the onset of flow (data not shown). To further characterize the transcriptional regulation of Tie1 by shear stress, BAEC cultures were transfected with the murine Tie1 promoter construct (Tie1-Luc) and exposed to shear stress (Fig. 5A ). Luciferase expression regulated by then Tie1 promoter was down-regulated more than threefold in endothelial cells exposed to 1 h of shear stress. The levels of luciferase expression were not affected by the flow in cultures transfected with the PGL3/basic backbone. We also tested the responsiveness of the Tie1 promoter to additional stimuli. Endothelial cultures transfected with the Tie1 construct were exposed to laminar shear stress for 1 and 4 h, treated with TNF-α, treated with PMA, or exposed to various time intervals of hypoxia (1% oxygen). Downregulation of the luciferase expression was observed in transfected cells exposed to shear stress or treated with TNF-α, but not with PMA, which had no effect on the luciferase expression regulated by the Tie1 promoter. Exposure of endothelial cells to 1 h or 24 h of hypoxia lead to the induction of luciferase expression (Fig. 5B) . These results are in accordance with recent studies demonstrating the induction of Tie1 protein levels in endothelial cells exposed to hypoxia (48, 49) .
A novel NSSRE in the Tie1 promoter
Trancriptional induction or suppression of endothelial genes in response to shear stress is mediated by promoter elements termed SSREs. These elements bind transcription factors, which are also activated by shear stress, to mediate transcriptional activation or repression. So far, only one NSSRE has been defined in the promoter of VCAM-1. This SSRE is an AP1 binding site, but the nature of the transcription factor(s) that bind to it is yet to be defined (69) . To define the NSSRE in the Tie1 promoter, we carried out deletion analysis. We found that a 250 bp fragment in the 3′ end of the promoter retains shear stress responsiveness, as the level of repression of this deletion construct was identical to that of the full size promoter (Fig. 6B) . Although this fragment does not encode for the VCAM-1-negative SSRE (depicted in Fig. 6A ), it has a single AP1-like site and seven AP4 sites (Fig. 6A) .
DISCUSSION
The unique localization of vascular endothelial cells exposes them to hemodynamic forces driven by the flow of blood. In recent years, these forces, fluid shear stress in particular, have been suggested to mediate blood vessel formation and maturation. Our aim in the present study was to test the hypothesis that shear stress changes play a role in vessel restructuring by destabilizing the endothelium through Tie1 regulation. We have found that exposure of the culture to flow rapidly and transiently leads to a decrease in Tie1 levels. This decrease was affected by shear stress changes (more so by an increase in shear stress than a decrease), rather than by the force itself. Continuous exposure of cells to several hours of shear stress resulted in Tie1 levels similar to those in static cells. The rapid decrease in Tie1 levels in response to shear stress resulted from a rapid cleavage of the molecule, followed by the appearance of a 45 kDa Tie1 endodomain. In response to flow, this Tie1 endodomain binds rapidly to the angiopoietin receptor Tie2. Nevertheless, the decrease in Tie1 levels was not the sole consequence of Tie1 cleavage, and resulted from a transcriptional suppression as well. The Tie1 promoter activity was suppressed after exposing cells to short intervals of shear stress or by their treatment with TNF-α and was induced after 1 and 24 h of hypoxia. Deletion analysis of the promoter revealed a 250 bp fragment, which mediates Tie responsiveness to flow and encodes a novel NSSRE.
Tie 1 is an orphan receptor, which is important for vessel development and integrity. Tie1-deficient mice die after E13.5 due to severe hemorrhage and edema, and studies with a chimeric Tie1 suggested that the molecule is important for proliferation and migration of capillary endothelial cells in embryogenesis and adulthood (50, 51) . Tie1 is up-regulated in arteriovenous malformations in humans (52) , and angiopoietin 1 and Tie1 are responsible for the establishment of the right-hand side of the venous network (28) , indicating that Tie1 may play a role in the process of arterial-venous specification. Yet, little is known about the mechanism of action of Tie1 and its regulation in vivo and in vitro by physiological or pathological stimuli. In cultured endothelial cells, Tie1 expression is induced by hypoxia and suppressed by TNF-α (48, 49), but the level or mechanism of this regulation was not reported.
In vivo Tie1 and Tie2 are expressed in adult endothelial blood vessels (27, 50, 53) . This expression is markedly reduced in rat carotid arteries flowing balloon angioplasty, and the expression is regained when the cells re-form an intact monolayer. The dependence of Tie1 and Tie2 expression on cell confluence was also demonstrated in human cultured arterial endothelial cells and occurs at the transcription level (54) .
The studies with null, transgenic, or chimeric mice clearly point to the important role of Tie1 in vascular restructuring. Nevertheless, Tie1 is an orphan receptor, and its intracellular signaling pathways are not fully understood. The cytoplasmic domain of Tie1 is shown to undergo autophosphorylation in transfected NIH3T3 cells, which leads to its binding to P85 (30) . Such autophosphorylation has not been shown in unstimulated or stimulated endothelial cells. Thus, the question of how Tie1 imparts its effect (cellular signaling) in vascular endothelial cells remains unanswered. Recently, Tie1 has been shown to undergo proteolytic cleavage in response to various stimuli such as PMA, TNF-α, and VEGF-A (32) (33) (34) (35) . This proteolysis is mediated by yet to be identified zinc-dependent proteases, can be inhibited in some cases by metaloprotease inhibitors, and results in the appearance of a 45 kDa endodomain. We have found that shear stress-mediated Tie1 cleavage was only partially inhibited by phenantroline and GM1489 (data not shown), suggesting that more than one protease type may be involved in the cleavage. The involvement of more than one protease in Tie1 cleavage is further supported by the finding that Tie1 cleavage in response to PMA is inhibited by a PKC inhibitor; however, this inhibitor has no effect on Tie1 cleavage in response to VEGF (34) . Cleavage of Tie1 may directly affect its ability to send intracellular signals through the remaining endodomain, which is very stable. Alternatively, the cleaved extracellular domain may interfere with the binding of potential ligands to the uncleaved receptor.
The study of Tie1 signaling became more complicated when its cleaved endodomain was shown to bind to the angiopoietin receptor Tie2. This binding occurs in endothelial cells stimulated by either PMA or VEGF (32) (33) (34) (35) , and as shown in the present study, in endothelial cells exposed to shear stress. The binding occurs rapidly after Tie1 cleavage and remains stable for several hours. As discussed previously, Tie2 serves as a receptor to multiple angiopoietins, and the binding each of these angiopoietins has multiple effects on endothelial cells (55) . Thus, careful analysis of the signaling pathways promoted by the binding of each of the angiopoietins to Tie2, and how this complex signaling is affected by the binding of Tie1 and Tie2 endodomains, is important in understanding the process of blood vessel formation both in embryogenesis and in adulthood (56) .
Tie2 complex signaling varies from one endothelial bed to another, where targeted mutations or deletions of the gene in different organs result in different malformations (57) . In humans, excess signaling through Tie2, as a result of an inherited mutation, leads to an abnormally increased ratio of endothelial/smooth muscle cells, resulting in dilated vessels and venous malformation (58, 59) . The crystal structure of Tie2 revealed a complex cytoplasmic domain structure, suggesting that Tie2 activation is distinct from other known tyrosine kinase receptors (60) . A recent study demonstrated that deletion of Tie2 C tail results in a significant increase in receptor autophosphorylation and kinase activity, which was followed by increased Akt phosphorylation and inhibition of apoptosis (61) . Thus, the complex signaling via Tie2 and its broad consequences call for tight regulation of this receptor acitivity. One of the regulators for Tie2 signaling may indeed be Tie1, through its binding to Tie2. If this assumption is correct, than shear stress regulation of Tie1 cleavage and binding to Tie2 serve as an avenue through which biomechanical forces affect Tie2 activity without affecting its level of expression. It will be crucial in the near future to determine how Tie1 binding to Tie2 interferes or promotes signaling through Tie2 and to define the exact binding sites of Tie1 and Tie2 endodomains.
The present study demonstrates that biomechanical forces and, more specifically, shear stress regulate Tie1 transcription, and this transcriptional suppression is mediated by a negative shear stress response element in the promoter. Both the human and mouse Tie1 promoters have been isolated and partially characterized, where most attention has been given to the tissue specificity of Tie1 expression. Transgenic animals expressing a reporter gene under the regulation of the 0.8 kB fragment of the mouse Tie1 promoter showed endothelial specificity of expression during development (62) . Mutations within the Ets and the Octamer elements in this fragment resulted in a loss of activity and endothelial specificity of the promoter (62, 63) . Deletion of the 5′ Ets elements resulted in a decrease of the in vivo activity of the promoter. An unrelated study has shown that the octamer element is required for cell specificity of the promoter and that this element exhibited an endothelial-specific pattern of protein binding (64) .
Recently, the pattern of Tie1 promoter activity was tested during embryogenesis and adulthood in transgenic mice expressing enhanced fluorescent green protein (EGFP) under the regulation of the murine Tie1 promoter. The expression of the reporter gene (EGFP) during embryogenesis resembled that of the endogenous gene. However, unlike the endogenous Tie, EGFP (or lacZ) was hardly expressed (protein and RNA) in adult tissue, suggesting that some Tie1 regulatory promoter elements are localized further 3′ or 5′ to the 0.8 kB promoter fragment used in these studies (52) . Although the activity of the Tie1 promoter is well characterized under basal conditions, none of the above studies tested and identified promoter elements that mediate the regulation of Tie1 upon endothelial stimulation. In the present study, we have shown that the Tie1 promoter is responsive to an array of stimuli, among them, TNF-α and shear stress, which suppress its activity, and hypoxia, which increases it. Deletion analysis of the promoter led to the identification of a 250 bp region that retains the responsiveness of the promoter to shear stress. This region contains a single AP1 and seven AP4 binding sites.
In the past 10 years or so, several dozen endothelial genes have been demonstrated to be regulated by shear stress (4, 65) . VCAM-1, which is expressed in cytokine-activated endothelial cells and serves as a marker for early atherosclerotic lesions, is suppressed in endothelial cells exposed to short intervals of physiological laminar shear stress (41, 42, (66) (67) (68) . Deletion analysis of the VCAM-1 promoter pointed to one of two adjacent AP1 sites to mediate the suppression of VCAM-1 by shear stress, but the transcription factor(s) that bind to this site have not been fully characterized (69) . The sequence of the AP-1 site in the Tie1 promoter is similar but not identical to the VCAM-1/AP1 site (Fig. 6B) . Identification of the proteins that bind to the Tie1 and VCAM SSREs may hint to whether they mediate shear stress transcriptional suppression via a similar mechanism. The localization of a novel NSSRE in the Tie1 promoter may shed light on the mechanisms through which shear stress regulates endothelial gene expression.
Among the known angiogenic receptors, Tie1 is the one less studied, mainly because of a lack of a putative ligand and the complexity of its intracellular signaling. However, multiple studies have demonstrated that Tie1 plays a major role in blood vessel restructuring, maturation, and maintenance in the embryo and in the adult. The finding that biomechanical forces modulate both the level and the activity of this receptor is significant in our attempt to understand how these forces, combined with humoral stimuli, play a role in blood vessel restructuring. 2 ) for 6 h, followed by 30 min of exposure to shear stress at a magnitude of 15 dynes/cm 2 (step-up), or to 7 h of continuous shear stress at a magnitude of 10 dynes/cm 2 . Tie1 expression was tested by Western blot analysis (A). Data analysis was carried out as described (n=4). Tie1 expression was tested under the following conditions (B): 1) Bovine aortic endothelial cells were incubated under static conditions (C), 2) cultures were exposed to 6 h of continuous shear stress at a magnitude of 10 dynes/cm 2 (6 h), 3) cultures were exposed to physiological shear stress (10 dynes/cm 2 ) for 6 h followed by 30 min of exposure to shear stress at a magnitude of 15 dynes/cm 2 (step-up), and 4) cultures were exposed to physiological shear stress (10 dynes/cm 2 ) for 6 h followed by 30 min of exposure to shear stress at a magnitude of 5 dynes/cm 2 (step-down). conditions or exposed to short intervals of physiological shear stress (10 dynes/cm 2 ). Tie1 levels were identified using an antibody targeted to the Tie1 C-terminus, which recognizes the whole molecule as well as the 45-kD endodomain. Note that the formation of Tie1 45-kD endodomain coincides with the decrease in the levels of the full size (130 kD) molecule (n=3). The cultures were incubated under static conditions or exposed to 1 h of laminar shear stress (10 dynes/cm 2 ). The expression of the firefly luciferase (F-Luc) was normalized to that of the Renilla luciferase (R-Luc). B) Bovine aortic endothelial cells were transfected with the murine Tie1-Luc promoter and co-transfected with Renilla-Luc construct. The cultures were untreated, treated with TNF-α (200 units/4 h), exposed to shear stress (10 dynes/cm 2 for 1 and 4 h), or exposed to hypoxia (1% O 2 for 1 and 24 h). Luciferase expression is normalized to that of the Renilla luciferase and expressed as the ratio between transfected treated/transfected untreated cultures (n=3). drawing of the Tie1 promoter with the 250 bp fragment that contains a single AP1 and 7 AP4 sites. A similar but not identical AP1 site in the VCAM-1 promoter was shown to act as a negative SSRE. B) Tie1-Luc constructs containing a 250 bp BglII fragment of the murine Tie1 promoter, or the full promoter, were transfected into bovine aortic endothelial cells together with the Renilla-Luc construct. Transfected cultures were exposed to shear stress for 1 h, and data analysis was carried out as described in Figure 5 , where n=3 in each of the described experiments. Note that the responsiveness of the full promoter and the deleted constructs to shear stress is identical.
